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ABSTRACT. An analytical model is developed to predict fatigue crack propagation rate under mode I loading in 
2024 aluminum alloy with FSW HAZ material characteristics. Simulation of the HAZ local properties in parent 
2024 AA was performed with overaging using specific heat treatment conditions. The model considers local 
cyclic hardening behavior in the HAZ to analyze crack growth. For the evaluation of the model, the analytical 
results have been compared with experimental fatigue crack growth on overaged 2024 alloy simulating material 
behavior at different positions within the HAZ. The analytical results showed that cyclic hardening at the crack 
tip can be used successfully with the model to predict FCG in a material at overaged condition associated with a 
location in the FSW HAZ. 
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INTRODUCTION  
 
atigue crack growth rate (FCG) is influenced by several complex interactive processes that involve microstructural 
and mechanical load variables. Models used for analysis of crack growth rate under constant amplitude stress 
include a hierarchy of major simplifications, with most important being the application of the linear elastic fracture 
mechanics (LEFM) concept and are mainly empirical or semi-empirical because they rely on fitting experimental material 
crack growth data [e.g 1]. Early models based on damage accumulation at the crack tip have a more physical background 
but use parameters that are difficult to determine experimentally [2-4]. In more recent modeling attempts [5-8], authors 
have used the cyclic material behavior at the crack tip to derive analytical expressions for the fatigue crack growth rate. 
Again, most of the models include geometrical (crack tip blunting radius) or material parameters (stress intensity factor 
threshold), which cannot be derived from simple tests. In [9], a fatigue crack growth model is developed, which considers 
a strip plastic zone with material hardening at the tip of a crack, under low cycle fatigue conditions, which uses few 
experimental parameters for fatigue crack growth analysis. In the above approaches a homogeneous material is considered 
and properties used for prediction are average material properties of the material volume examined. 
If a crack grows within a material zone with varying microstructure the analysis is more complicated and local material 
behavior needs to be implemented. In the early work by Reifsnider et al. [10] it was found that the existence of a strength 
gradient at the tip of the crack, depending on its slope, may accelerate or retard crack growth. This is relevant in the case 
of the heat affected zone (HAZ) in a weld region, where the aged material consists of a modified microstructure with local 
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material properties in the HAZ area. In the HAZ fatigue crack growth rate is influenced by the inhomogeneous overaged 
microstructure [11-13]. In [14] it was shown that overaging of 2024 material has significant impact on the fatigue crack 
growth behavior of the alloy. A relevant mechanism of 2024 alloy influenced by overaging [14], which is associated with 
the material’s fatigue crack growth rate is cyclic strain hardening at the crack tip. In studies [15-17], cyclic strain hardening 
has been linked analytically and experimentally to the closure levels of the advancing crack and hence the rate of its 
propagation. This dependency has been exploited in the fatigue crack growth analysis, to include the effect of local 
material properties on FCG with the variation in cyclic strain hardening behavior at different locations in the HAZ. The 
model assumes LCF conditions at the crack tip and considers incremental crack growth under fatigue loading. The results 
obtained analytically are compared with experimental fatigue crack growth data on overaged 2024 aluminum alloy 
simulating different local properties and microstructure within the HAZ. 
  
 
CRITICAL ENERGY DISSIPATION FOR CRACK GROWTH 
 
n the proposed model crack growth occurs incrementally after a critical number of cycles ΔΝ. The crack growth 
increment Δr is equal to a material element with width Δr at the crack plane (Fig. 1). Based on these assumptions, a 
crack propagation rate can be calculated from equation: 
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             (1) 
 
It is assumed that the material element at the crack tip  is subjected to low cycle fatigue conditions [5-9] with an average 
constant plastic strain range Δεpm. Under cyclic straining material failure occurs when in a stabilized hysteresis loop a 
critical amount of energy Wf is accumulated in the material after a finite number of loading cycles Νf. By assuming that the 
energy per cycle ΔW is nearly constant throughout the fatigue test, the total plastic strain energy until fracture may be 
approximated by [18]: 
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with σΑ the stress amplitude and n’ the cyclic strain hardening exponent. The critical amount of energy Wf for failure of 
the material volume is estimated from the strain energy density [SED] theory [19-20]. In the SED criterion the critical 
strain energy density function dW/dV is associated with the critical distance rc from the crack tip for onset of crack 
initiation and the critical strain energy density factor Sc in the form: 
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For plane stress the strain energy density factor becomes: 
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Assuming that the energy for fracture can be approximated by the critical strain energy per unit volume (dW/dV)c from 
the SED criterion in Eq. (3), Wf  in Eq. (2) can be derived with the use of Eq. (3) and the critical number of cycles Nf for 
a crack increment Δr = rc can be obtained from (2) by: 
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Figure 1: Incremental crack growth in HAZ. 
 
By calculating in Eq. (5) for mode I loading the stress amplitude σA at the position of fracture rc for an isotropic linear 
elastic material and by and using the Coffin-Manson relationship [21-22] to derive Δεp,, the crack growth equation can be 
derived: 
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Eq. (7) can be written in the following simplified form: 
 
  mk md A B
dN
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where parameter m is related to the Coffin-Manson parameter m as m=1/c+1  
and 
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Parameters n΄, Kcr, c, εf΄, Ε can be determined experimentally. Crack growth rate in Eq. (7) is dependent on parameter B, 
which includes material properties and therefore provides a physical background in the crack growth analysis. The only 
fitting parameter I Eq. (7) is length rc, which is also an undefined parameter in the SED theory. 
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EXPERIMENTAL SIMULATION OF HAZ LOCAL PROPERTIES 
 
Microstructural Characteristics 
imulation of HAZ material properties was achieved by implementing a heat treatment procedure on 2024 material 
described in [14] using different overaging conditions. The procedure selected helps to produce materials based on 
the 2024 alloy with similar microstructural characteristics and local properties with selected positions in the HAZ, 
without the weld residual stresses. The overaged materials exhibit similar local properties and microstructural 
characteristics with 3 locations in the HAZ: (a) close to the base material, (b) at the mid-point of HAZ hardness gradient 
and (c) close to the weld nugget (HAZ/TMAZ interface), and are named A200, A250 and A300 respectively, based on the 
temperature of heat treatment used for 15 hours aging. The microstructural characteristics between the HAZ material 
(close to the base metal, 12 mm away from the weld center) and A200 are given in Fig. 2. They are comparable and 
consist of same size coarsened second-phase particles, the Al2Cu (θ΄phase) and the Al2CuMg (S΄ phase). In both materials 
similar hardness values are obtained as shown in the hardness profile of the 2024 aluminum alloy FSW, in Fig. 3. In the 
same Figure, the hardness values of materials A250 and A300 are shown and are placed on the respective locations in the 
HAZ with similar hardness values. 
 
 
    
                                                                    (a)                                           (b) 
 
Figure 2: Microstructures of (a) HAZ at a distance 12mm from the weld centerline, (b) A200 material. 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3:  Microhardness variation in 2024 FSW determined at two different layers in the cross section of the FSW joint (1 and 2 mm 
depth from specimen surface). Local hardness values of A200, A250 and A300 materials are shown at the locations in the HAZ with 
similar microhardness values. The specimen location designates where the sample has been extracted to obtain local tensile properties 
in the HAZ. 
S 
specimen location 
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Tensile behavior 
The tensile stress-strain behavior of a subsize specimen (ASTM E8M-01) extracted from the location shown in Fig. 3 and 
the A250 material are compared up to a tensile strain of 5% in Fig. 4. The hardness of A250 material, is similar to the 
hardness obtained at the mid-point of the specimen gauge length in Fig. 3. Despite the small difference in strength values, 
the strain hardening behavior in the two cases is very close and the determined strain hardening exponent values are 0.150 
and 0.161 for the HAZ and A250 materials respectively.  
 
Figure 4: Stress strain curves for materials A 250 and HAZ at the mid-length of hardness gradient. 
 
 
  
Figure 5:  Monotonic & cyclic stress- strain curves of T3, A250 and A300 materials. 
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Cyclic hardening 
The cyclic tests performed in [14] and reproduced in Fig. 5 show that cyclic strain hardening occurs in the overaged 
materials A250 and A300. Cyclic strain hardening after overaging is more pronounced compared to the base metal (T3) as 
obtained from the cyclic strain hardening exponent n’ values in Tab. 1. Parameter n’ increases with increasing overaging 
temperature (A300 material). This is associated with the HAZ location close to the weld center. The dependency of 
increasing cyclic strain hardening with increasing crack closure was investigated in [14]. Here, this dependency is used to 
analyze the crack growth behavior of A250 and A300 materials using the different cyclic hardening characteristics (value 
n’) in Eq. (7) to obtain an estimation of the respective behavior of the related positions in the HAZ in Fig. 3.  
 
 
Yield 
strength σ0.2 
(MPa) 
Cyclic yield 
strength σc0.2 
(MPa) 
Strain 
hardening 
exponent n 
Strength 
coefficient H 
(MPa) 
Cyclic strain 
hardening 
exponent n΄ 
Cyclic strength 
coefficient  
H΄ (MPa) 
T3 375 445 0.120 694 0.042 576 
A250 245 245 0.161 604 0.148 568 
A300 135 185 0.242 594 0.211 674 
 
Table 1: Cyclic and monotonic properties of T3, A250 and A300 materials. 
 
 
CRACK GROWTH ANALYSIS 
 
rack closure under cyclic loads is influenced by the cyclic hardening mechanism at the crack tip. In [14-17] it was 
analytically and experimentally demonstrated that increased cyclic hardening contributes to increased crack closure 
and retards fatigue crack growth. 
In Eq. (7), the cyclic hardening exponent n’ was used to analyze the local fatigue crack growth behavior of the various 
positions in the HAZ (A250 and A300). In the analysis, the material properties included in parameter B (Eq. 10) for all 
materials have been taken from the reference, base metal, 2024 T3 alloy and are presented in Tab. 2. The material volume 
length rc was fitted from the 2024 T3 data. In Fig. 6 the analytical results obtained using a numerical integration of Eq. (7) 
for T3 (base metal), A250 (mid-point HAZ gradient) and A300 (HAZ/TMAZ) materials are compared against 
experimental crack growth rates. Analytical and experimental crack growth rates agree well for the stress intensity factor 
range examined (12-25 MPa m1/2), specifically for the position associated with A250, while for the case of A300 
(HAZ/TMAZ interface) a small overestimation in predicted crack growth rates exists.     
 
 
Cyclic hardening 
exponent n΄ 
Parameter 
rc (m) 
Coffin-
Manson  
exponent c 
Coffin-
Manson 
parameter  
εf΄ 
critical stress 
intensity factor  
Kcr (MPam1/2) 
[23] 
Young’s 
modulus 
E (GPa) 
Poisson ratio 
ν 
    T3: 0.042 
A250: 0.148 
A300: 0.211 
1.291x10-6 -0.6 0.13 60 
 
73.1 
 
 
0.33 
 
 
Table 2: Material parameters used in Eq. (7) for FCG analysis. 
 
In Tab. 3 the average value of parameter rc for the three materials T3, A250 and A300 is given. In Fig. 7 the analytical 
results are compared against the experimental crack growth rates using in the analysis the mean value of rc in order to 
evaluate the sensitivity of the analysis on the fitting parameter. The differences in this case are negligible, which shows that 
analytical predictions are not influenced by the value of rc. 
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Figure 6: Experimental and computed fatigue crack growth rates vs. stress intensity factor range (dα/dN-ΔΚ) in T3, A250 and A300 
materials. The analytical results were obtained for c=-0.6 and rc=1.291x10-6 m. 
 
 
 parameter rc (m) 
T3 1.291x10-6 mean: 
1.329x10-6 A250 1.538x10
-6 
A300 1.158x10-6 
 
Table 3: Average value of rc length. 
 
 
 
 
Figure 7: Experimental and computed fatigue crack growth rates vs. stress intensity factor range (dα/dN-ΔΚ) in T3, A250 and A300 
materials evaluated for rc,mean=1.329x10-6 m. 
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CONCLUSIONS 
 
 model with the ability to perform fatigue crack growth analysis taking into account the local material behavior at 
specific locations in an aluminum 2024 T3 FSW Heat Affected Zone is proposed. To simulate the local material 
behavior in the HAZ without the effect of weld residual stresses, the reference 2024 T3 aluminum alloy was 
subjected to specific overaging conditions. The obtained overaged materials have very similar microstructural 
characteristics and mechanical properties to the HAZ material. The analytical results obtained with the model showed that 
it can satisfactory predict crack growth rates of the material with local HAZ characteristics.  
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